In this study, the aim was to use different types of fibers to improve the impact resistance of recycled aggregate concrete (RAC) that normally shows poor performance against mechanical impacts compared to normal concrete (NC). For this purpose, 18 groups of concrete were cast using different parameters. The study examined different types of concrete mixtures where the proportion of RCA (recycled coarse aggregate) used was 30% and 50% respectively, and where steel fiber-reinforcement was used in proportions of 1% and 2%, and polypropylene fiber-reinforcement was used in proportions of 0.1%. While the material performance of RAC compared to NC is analyzed in existing published literature, there is no evidence on whether the use of RCA and hybrid fibers affect the impact properties of concrete. Drop weight impact testing was conducted on test specimens and the impact resistance of these specimens was studied at 28 days. It was observed that the increasing use of RCA reduced the impact resistance. The use of 30% RCA does not significantly influence the strength of concrete. According to the results, the performance of both the NC and RAC was increased with an increase in the volume fractions of steel fiber used. In addition, hybrid fiber-reinforced concretes showed the best results of all the concrete groups.
Introduction
Recycled aggregates (RAs) obtained from demolished concrete structures are generally used as filler material in roads and in groundwork, and it can also be used in lean concrete and NC instead of, or with, natural aggregates. In the past, the reason why RAs were not widely used in concrete production was because they exhibited weaker mechanical properties than natural aggregates. But recently, diminishing natural resources and the importance of sustainability has meant that studies about the use of RAs in concrete have become popular (Khalaf and Devenny, 2004; Oikonomou, 2005; Ozturk, 2005) .
Nowadays, concrete is the most preferred building material because of its high stress capacity It has recently been accepted that impact resistance is just as important as compressive strength in concrete and reinforced concrete structures. In developing countries, many structures, such as nuclear power plants, military structures, airports, railways, bridges and tunnels, are being built to more stringent lifecycle standards. Since these structures are exposed to impact effects during their lifetime, the impact resistance must be high in order not to cause any safety problems (Topcu and Guncan, 1995; Soe et al., 2013; Wan et al., 2016) .
There are three types of factors that affect the concrete's impact resistance: the properties of the materials forming the concrete (aggregate type, maximum aggregate size and the water/cement ratio), the properties of the additives (mineral type and the proportions used in the mixture, the geometry, the slenderness of the fiber and the proportions used in the mixture) and the environmental conditions (concrete temperature and loading rate) (Oltulu and Altun, 2018) .
One of the most effective methods to improve the mechanical properties and impact resistance of concrete is to add fibers. Studies in published literature report two main reasons for this improved performance when fiber is added: 1) the fiber absorbs impact energy, and 2) it prevents disaggregation by functioning as a bridge between cracks.
Different fiber types are employed in concrete production. These include steel fiber, polypropylene fiber, glass fiber, basalt fiber, polyamide fiber, polyvinyl alcohol fiber, ceramic fiber, polyethylene fiber, nylon fiber, kevlar fiber and natural fiber. Among these, the ones most frequently used are steel and polypropylene fiber, and as can be seen from Table 1 , the steel fiber has the greatest effect on the impact resistance of concrete. Besides the choice of fiber type in the mixture, the geometry, slenderness ratio and fiber fraction also affect the impact resistance of the concrete. The studies in the literature illustrating these impacts are discussed below shortly. The ratio of fiber over concrete volume is presented as a percentage. Rubber fiber ( 5-10-15-20-25) Water/binder ratio, Silica fume ratio %46-472 Swamy and Jojagha (1982) reported that hooked and paddle-shaped fibers gave the best results against impact loads due to their longer lengths and higher slenderness ratios. Additionally, Marar et al. (2001) and Mohammedi et al. (2009) illustrated that with increasing fiber slenderness ratio and mixing proportions, there was an increase in the concrete's impact resistance.
This study aimed to investigate the optimum rate of reuse of RCAs in concrete, and to determine the influence on the mechanical properties of RACs when used with polypropylene and steel fibers separately and in combination (hybrid), because there is a limited number of studies about the use of hybrid fibers. Although the impact strength of concrete with hybrid fibers and with RAC was separately investigated, the impact strength of RAC with hybrid fibers was not considered. For this purpose, all concrete specimens were prepared with a water/binder ratio of 0.50, 5% silica fume and aggregates with a maximum size of 16 mm. The RCAs were used at proportions of 30% and 50% in place of the natural aggregates. Hooked-end steel fibers at a volume fractions of 1% and 2%, and polypropylene fibers at a volume fraction of 0.1%, were used separately and in combination. The mechanical properties (compressive strength, flexural strength and impact resistance) of all concrete specimens were assessed and compared to the control groups.
Using hybrid fibers in both NCs and RACs assured better performance under compressive and flexural strength tests. The hybridization of steel fiber and polypropylene fiber could enhance the mechanical properties of concrete by bridging macro-crack and delaying micro-cracks.
Experimental Program

Materials
In this study, Type 1 42.5 R Portland cement and silica fume (SF) were used as the cementitious materials, and their chemical compositions are summarized in Table 2 . The specific gravity of Portland cement and silica fume are 3.14 and 2.24, respectively. Both natural crushed limestone aggregates and RCAs with a maximum particle size of 16 mm were used as a coarse aggregate. Local river sand was used as a fine aggregate (NFA). The specific gravity and water absorption capacity of the aggregates were determined according to the EN 1097-6 Standard. The experiments conducted on the aggregate showed that the RCAs are about 16% weaker than the NCAs (natural coarse aggregates) because of their high porosity, and also that the water absorption of the RCAs is almost 3 times higher than that of the NCAs. Similar results were seen in published literature (Topçu and Şengel, 2004; Rao et al., 2007; Tam et al., 2008; Matias et al., 2013; Wagih et al., 2013) . The physical properties of all aggregates are given in Table 3 . Polypropylene fibers of 9 mm in length and steel fibers of 35 mm in length with a 65 aspect ratio were used both separately and in combination. The pictures of the fibers are shown in Fig. 1 , and the physical and mechanical properties of polypropylene and steel fibers are presented in Table 4 . 
Mixing proportions
A cement content of 350 kg/m 3 and the same waterbinder ratio (W/C+SF) of 0.50 were used in all batches. To improve the mechanical properties, silica fume was used at 5% of cement weight in all concrete specimens. Super plasticizer (SP)-based polycarboxylic ether was used at 2% of cement weight in all batches for better workability.
Hooked-end steel fibers at 1% and 2% volume fractions, and polypropylene fibers at a 0.1% volume fraction were used. The NCAs used in the production of NC were replaced with RCAs 30% and 50%. The mixing proportions are listed in Table 5 . Different codes have been used to identify the individual concrete groups to make the results easier to understand and interpret. The abbreviations are normal concrete (N), recycled aggregate concrete (R), polypropylene fiber (P), 1% steel fiber (S1) and 2% steel fiber (S2).
Mixing procedure
All materials were mixed in a pan mixer. Firstly, the dry coarse and fine aggregates were mixed together for one minute in the mixer. Then cement and silica fume were added and mixed for another minute. Later, water equivalent to 70% of the water required for the mix was added. Then, a hyper plasticizer was mixed with the rest of the required water, and they were added to mix with the cementitious composite for another 2 minutes. In fibrous samples, the fibers were added last and mixed together with the mixture for another two minutes. The total mixing time in non-fiber samples was five minutes, while in fibrous samples it was six minutes.
Test methods
All specimens were stored in molds for about 24 hours and were then cured in lime-saturated water at a temperature of 23 ± 2˚C, until the day of testing. Each value was determined by calculating the average of 3 different specimens. Compressive strength tests were performed at 28 days on 150x150x150 mm cubic specimens, and the flexural strength test was also performed at 28 days on 70x70x280 mm beam specimens. The compressive strength and flexural strength of specimens were determined in accordance with EN 12390-3 and EN 12390-5 Standarts, respectively.
The impact tests were conducted with the drop weight test machine as described at ACI Commitee 544, is shown in Fig. 2 . The aparatus of the equipment are hammer, steel bowl and the test specimen. In this method briefly, 4.45 kg hammer is dropped sequentially from heights of up to 457 mm on the steel bowl with 64 mm diameter which placed on the concrete disc specimen 150 mm diameter by 64 mm thick. Then number of blows about first visible crack and ultimate crack were determined.
Fig. 2. Impact test machine.
The impact energy can be calculated with equations as follows: 
Results and Discussion
Compressive and flexural strengths
The compressive and flexural tests were performed on NCs, RACs, fiber-reinforced concretes and fiber-reinforced RACs. The results of compressive and flexural tests are shown in Table 6 and Fig. 3 .
It was found that in R30 and R50 concrete groups, the 28-day compressive strengths were lower than that of the control group by 7% and 24%, respectively. The reason due to the second RA-cement paste interface in addition to the interface of the aggregate-cement paste (Evangelista and Brito, 2007; Hoffman et al., 2012; Butler et al., 2013; Lima et al., 2013) . For that reason the RAs can be used at a 30% ratio instead of normal aggregates in concretes, and they should not exceed that ratio.
It was found that the 28-day compressive strengths of R30S1 concrete groups were higher than the control groups by 1%. In the R30S1 groups, the negative effect of RA was countered why the steel fibers. A polypropylene and steel fiber mixture in a 1% ratio positively affected the 28-day compressive strength in both NCs and RACs. The NPS1 concrete group showed the maximum performance with a 21% increase in compressive strength compared to the control group (N), while R30PS1 had a 3% increase compared to the control group (N). The flexural strengths increased with the increase in steel fiber content. The amount of increase in the flexural strength in this study was 34% and 49% in 1% and 2% steel fiber-reinforced concretes, respectively. Fibers incorporated into concrete can hamper the growth of the cracks inside the concrete and improve the tensile strength and ductility of the concrete (Chenkui and Guafon, 1995; Eren and Celik, 1997; Abdul-Ahad and Aziz, 1999; Pajak and Ponikiewski, 2013; Khaloo et al., 2014 ).
In addition, 30% RACs, and 1% and 2% of steel fibers increased the flexural strength by 16% and 35%, respectively. Furthermore, adding 50% RACs, and 1% and 2% of steel fibers increased the flexural strength by 1% and 30%, respectively. According to these results, the addition of fiber gives more positive results in RACs. In this study the rates of increase were 18%, 40%, 2% and 31% for the R30PS1, R30PS2, R50PS1 and R50PS2 groups, respectively. Using hybrid fiber in both NCs and RACs improved the performance of flexural strength and compressive strength in the specimens. The flexural strength of NPS1 and NPS2 specimens were 43% and 52% higher than the N concrete specimens. The increase in flexural strength is mainly due to the bridging effect of fibres, which restrains crack formation. Compared to the N concrete group, the flexural strength of the R30PS1 and R30PS2 concrete groups were higher by 18% and 40%, respectively. Also, compared to the N concrete group, the flexural strength of the R50PS1 and R50PS2 concrete groups were higher by 2% and 31%, respectively. According to the experimental results, the flexural strength of the hybrid fiber-reinforced concrete groups showed the best performance. The mechanical properties of RAC improved with the hybrid fiber content. This result implies that hybrid fibers should be used, especially in the RAC, depending on the fiber type and the amount.
Impact resistance
The results of impact tests, performed on recycled aggregate concretes, steel fiber concretes, polypropylene fiber concretes and hybrid fiber concretes, are presented in Table 7 and shown in Fig. 4 . According to the values illustrated in Table 7 , the energy at the first visible crack, and the failure energy of the R30 sample, were both lower than the control group at 8%. Also in the R50 sample, both the energy at the first visible crack and the failure energy were lower than the control group at 52% ratio. It appeared that the use of RCAs adversely affected the impact resistance of the concretes. The impact energy of concretes decreased with the increased proportion of RCA, likewise with the results for the compressive and flexural strength tests. The reason for this is the adherence between the cement paste and the RAs is weaker than the adherence between the cement paste and the natural aggregate (Erdem et al., 2011; Medina et al., 2014) .
Using of 0.1% polypropylene fiber slightly increased the impact resistance in both NCs and RACs as confirmed by Badr et al. (2005) , Nili and Afroughsabet (2010b) , Mindess et al. (1986) , Mindess and Vondran (1988) , Mindess and Yan (1993) , Wang et al. (1996) , Toutanji et al. (1998) about the results of normal concretes.
Steel fibers increased the impact resistance of concretes too much due to their high energy absorption capacity, and the impact resistance increased with an increase in the steel fiber volume fraction (Marar et al., 2001; Mindess and Yan, 1993; Wang et al., 1996; Nataraja et al., 1999; Song et al., 2004; Nataraja et al., 2005; Mohammadi et al., 2009) . In this study using 1% steel fiber increased the first crack energy and failure energy 4.5 times and 8.0 times respectively. As well as use of 2% steel fiber increased the first crack energy and failure energy 7.0 times and 13.5 times respectively. Using steel fibers increased the impact resistance of RACs as it did for NCs. The use of 1% steel fiber in RACs with 30% RCA content increased the first crack energy and failure energy 3.5 times and 6.0 times, respectively. RACs with 50% RCA content and 1% steel fiber increased the first crack energy and failure energy about 3 times and 4.5 times respectively. RACs with 30% RCA content and 2% steel fiber increased the first crack energy and failure energy 5.5 times and 9 times, respectively, and 2% steel fiber in RACs with 50% RCA content increased the first crack energy and failure energy 3 times and 7 times respectively.
The compressive and flexural tests showed that hybrid fibers contributed to better impact resistance compared to other concrete groups. Compared to the NC, the impact resistance of NPS1, NPS2, R30PS1, R30PS2, R50PS1 and R50PS2 concrete groups were 5 to 8 times, 7 to 14 times, 4 to 6 times, 6 to 9 times, 3 to 5 times and 3.5 to 7 times higher, respectively. This result indicates that the mixed fibers have an important role in increasing the impact strength and should be taken into consideration in future work.
Using RCA decreased both the flexural strength and impact resistance, whereas using polypropylene fiber, steel fiber and hybrid fiber increased both the flexural strength and the impact resistance. The relationship between impact energy and flexural strength is shown in Fig. 5 . It is understood from the correlation coefficient in the figure that there is a relationship between flexural strength and impact resistance. 
Conclusions
The main conclusions obtained from this study are as follows;  The results of the compressive, flexural and impact tests showed that the use of RCA decreased the compressive strength, flexural strength and impact resistance of concrete. The addition up to 30% of RCA did not result in a significant difference between RAC and NC. These results have shown that up to 30% coarse RCA can be used without having any detrimental impact.
 In both NCs and RACs, using polypropylene fiber increased compressive strength and flexural strength by a small amount. While using steel fiber and hybrid fiber at a volume fraction of 1.0% increased the compressive strength, flexural strength and impact resistance, using a volume fraction of 2.0% just reduced the compressive strength because of its poor workability. By contrast, using steel fiber and hybrid fiber at 2.0% showed the best results.  Polypropylene fibers made no significant contribution to impact resistance for any of the concrete groups. Steel fibers increased the impact resistance of concretes too much due to their high energy absorption capacity. Hybrid fibers play an important role in increasing the impact strength and should be taken into consideration in future work on the effects on flexural strength and impact resistance.  Considering environmental and economic impacts, it is expected that the use of RA will become more widespread and its contributions to the national economy will be increased. In addition, with these studies, it is considered that the number of facilities for the aggregate recovery and concrete recycling will increase throughout the country and thus there will be great progress in waste evaluation.  Although many scientific studies were carried out about RACs, but there are no enough research about hybrid fiber reinforced recycled aggregate concretes. For future work, the various mechanical and durability properties of RACs should be investigated with using hybrid fibers at different ratios and using different parameters. Especially comparing studies about to different impact test methods should be examined. In addition, workability of fresh concrete, the compatibility of recycled aggregate-cement-plasticizer, should be investigated with the help of SEM, MIP analyses, XRD patterns.
